Introduction
The heat induced chemical and physical changes of wool and related keratin fibers in the presence of water have been observed by using high pressure differential thermal analysis [1] [2] [3] [4] and high pressure differential scanning calorimetry (PDSC) [5] [6] [7] [8] [9] [10] . The latter method provides quantitative detail of the total enthalpic or entropic change, while the former makes an accurate identification of the transition temperatures. In the present paper, the interpretation of the observed PDSC response for the permanent wave and straight hair samples will be provided on the basis of the reactions occurring during the permanent hair treatment. The samples were prepared by using a treating system consisting of either the twostep process of reduction and subsequent oxidation or the three-step process of reduction, heat treatment and oxidation. When the reduction of hair with thioglycolic acid is applied, s-carboxymethyl-3-alanyl disulfide (CMAD) groups will be produced on the keratin chains. Existence of the CMAD side chain groups gives rise to a considerable damage of the hairs. At present, we have no quantitative method for the evaluation of the CMAD groups in permanent treatment hairs. By using water soluble CMAD keratin proteins synthesized as a model compound of permanent treatment hair, the exothermal phenomena observed on the PDSC curves for various treatment hair samples have been interpreted as hydrothermal reactions associated with the formation of disulfide cross-links occurring in PDSC pans. The content of CMAD groups estimated by the calculation from the amino acid analytical data of the treatment hair samples were used for the interpretation of the present data. The relationship between the evolution of heat, ΔHevol, on PDSC curves of the treated hairs and the content of CMAD groups has also been discussed in relation to the reaction system used.
Abstract : Permanent waving and straightening hair treatments are important processes to set hair configuration for the maintenance of wanted hairstyle. There have been some unresolved problems related to hair damage arising from the use of thioglycolic acid as the reducing agent of hair. The most important one is the formation of s-carboxymethyl-3-alanyl disulfide (CMAD) groups, the so-called mixed disulfide groups, since the CMAD side chain groups on the protein backbone chains lead to a decrease of the number of disulfide cross-links in the treatment hairs and result in a considerable damage or lowering in the mechanical performance of the treated hairs. At present, we have no reliable quantitative analytical method for the CMAD groups formed in the hairs during permanent treatments. In this paper, it has been proposed that the content of the mixed disulfide groups could be estimated simply by using a High Pressure Differential Scanning Calorimetry (PDSC). The plots of the enthalpy of evolution of heat, ΔHevol, evaluated from the exothermic peak area against the content of CMAD groups estimated by the calculation from the amino acid analytical data of the reduced hair samples showed a good linear relationship, which enables to an accurate measurement of the content of CMAD groups. Furthermore, the exothermal phenomenon observed on the PDSC curves for both permanent wave and straight hairs was considered to be closely related to hydrothermal reactions including an exothermic reaction of the side chain groups of sulfenic acid with the thiol groups of cysteine residues to form disulfide cross-links in hair. To elucidate the heat-induced reaction mechanism in the PDSC pans, CMAD wool keratin (CMADK) proteins with average molecular weight of 45,000 were synthesized as a model compound of the permanent treatment hair. The PDSC response of the CMADK proteins showed a similar pattern to those of the treated hairs suggesting the validity of our interpretation for the hydrothermal reactions in the hair.
( 
Materials
Aqueous ammonium solutions of thioglycolic acid (TGA) and dithiodiglycolic acid (DTDG) used were commercial products, and they contained 50% TGA and 40% DTDG by weight/volume, respectively. The monoethanolamin (MEA) as a pH-adjusting agent was an aqueous solution of 80% (w/v) MEA as a commercial product. All other chemicals used in this study are of reagent grade. Two sorts of hair were used for the present samples, which were different in the content of cystine, namely, 331 and 410 µmol/gram of hair. They were collected from Japanese women (12 and 14 years-old) who had not been exposed to chemical treatments such as permanent waving and dyeing. The fiber samples (0.5 g) were purified by immersion in a 5% (w/v) solution at pH 4.6 (50 mL) of poly(ethylene glycol lauryl ether) containing 20 mM EDTA for 1 h at 33 . The hair were washed thoroughly with distilled water and dried. A small tress of the purified hair with a length of about 17 cm (0.5 g) was used for various chemical treatments.
Preparation of permanent wave hairs
Permanent wave hairs were prepared by a two step reaction process consisting of reduction followed by washing and subsequent oxidation treatments. Two different reduction system were used, i.e., a TGA-only system with only TGA and a bicomponent system that contains TGA and DTDG as reduction regulating agent. In the TGA-only system, the hair tress wound around a rod with the diameter of 12 mm was immersed at 35 for 10 min in either 5% or 7% TGA aqueous solution (100 mL) adjusted with MEA to pH 9.3. In the bicomponent system, reduction was carried out by immersing the hair tress at 45 for 15 min in an aqueous solution containing 9% TGA and 2% DTDG (100 mL) adjusted to pH 9.3. These fibers treated in both systems were washed with distilled water at 35 for 1 min and followed by blotting with a towel to remove excess water in fibers. The reduced fibers thus obtained were oxidized by immersion for 15 min in a 7% (w/v) aqueous sodium bromate solution (100 mL) adjusted to pH 7.2 with phosphate buffer and followed by washing with distilled water for 10 min and air-drying.
Preparation of permanent straight hairs
Permanent straight hairs were prepared by a previous method consisting of three step reaction processes : reduction followed by washing, heat treatment and oxidation treatments [7] . The purified hair tress was immersed at 45 for 15 min in a reducing solution at pH 9.3 (30 mL) containing appropriate amount of both TGA and DTDG under a stress free state, and followed by washing with distilled water at 35 for 1 min. The treated hairs were pressed with a towel to remove excess water and then dried using a hair dryer up to about 14 ± 1% to the original dry fiber weight. Next, the reduced hairs thus obtained were heat treated at 180 for 3 seconds under pressing along the fiber from the root to tip by using a heating iron with a pair of teflon coated rectangular plates with the dimensions of 42 mm in width, 90 mm in length, and 10 mm in thickness. Pressing the hair tress was repeated further two times before subjecting the hair to oxidation. Lastly, the heat treated hairs were oxidized as the same conditions described above. The oxidized hairs thus obtained were rinsed with water at 35 for 1min, blotted with a towel and then airdried.
Estimation of α-Crystallites in Hair
High pressure differential scanning calorimetry (PDSC) was applied to determine the amount of α-crystallites in the hair. A Model 2920 (TA instruments) was used in this study. The measurement was calibrated using indium. The measurements were performed over a range of temperatures from around 20 to 210 at a heating rate of 20 /min. An empty aluminum sample pan was used as reference. Exothermic or endothermic effects were represented by an increase or a decrease in the baseline position as well as a usual DSC practice in calorimetry. Endotherms with a peak temperature of melting at a range of about 176 to 183 were used to estimate the amount of α-crystallites in hair. The enthalpy of melting was defined by the heat of absorption per gram of dry hair sample as J/g.
Preparation of PDSC sample
The hair samples were cut to a fine powder to eliminate the effect of fiber orientation and also to maintain the sample in good contact with the sample pan. This procedure leads to a reduction of the temperature gradients within the sample at higher heating rate. The samples were dried under evacuated conditions at 100 for 2 h over P2O5 and weighed. The dried samples were then stored and equilibrated in a desiccator adjusted 65% RH at 20 for 2 weeks and weighed. From the difference between the weights measured, the equilibrium water content of the hair, Wc, was determined. About 2 mg of the equilibrated sample was weighed in an aluminum pan. The dry weight of the DSC sample, wd , was calculated by eq. (1) :
where weq is the weight of DSC sample equilibrated, and Wc is the equilibrium water content defined as grams water/grams dry sample.
Synthesis of carboxymethyl alanyl disulfide keratin (CMADK) proteins
Top of Merino wool fibers were used for preparation of water soluble wool keratin proteins by the derivatization of disulfide bonds of cystine residues to CMAD groups [11, 12] . After the reduction of the wool with 0.2M TGA in 8M urea at pH 10.0 for 48 h at 25 , 0.2M DTDG was added to the solution containing swollen wool fibers and gently stirred for 24 h, and then adjusted to pH 7.0 with acetic acid, and finally 0.2M sodium bromate was added slowly to the neutral solution, and then the solution was filtered to remove residues after standing for 24 h. The filterate containing soluble CMAD wool keratin (CMADK) proteins was fractionated using Sephadex G25, and the fractions were freeze-dried. From the SDS-PAGE electrophoresis pattern, the average molecular weight of the CMADK protein fraction used in the present study was estimated to be about 45,000. No cystine content of the proteins was determined by a usual amino acid analysis using an Automatic High Speed Amino Acid Analyzer Model L-8800 (Hitachi). On the PDSC response of the native hair designated as curve (a) a sharp endothermic peak can be observed at about 183 , which is ascribed to the melting or denaturation of the α-crystallites [5] . The curves (b) and (c) are the PDSC response for the samples obtained from the TGA-only system of 0/5 and 0/7, respectively. The peak temperatures decrease with the increase of the concentration of TGA in the system, namely, 180 in the former and 177 in the latter. However, there is no significant change in the endothermic peak area. Similar behavior was observed on the melting peak of the PDSC curve (d) of the hair obtained from the bicomponent system, 2/9, namely, 176 , which is slightly decreased as compared to the values obtained for the TGA-only system. For the samples obtained from the TGA-only system a broad exothermic peak ranging from about 100 to 160 can be observed on each PSDC curve, although the exotherm is absent from the native and the sample obtained from the bicomponent system. It is clear that there is no correlation between the magnitudes of the exothermic and endothermic peak areas. With respect to the exotherm, it has been reported that the exothermic peak disappears for the PDSC samples of the straight hairs pretreated by soaking in an aqueous solution of 10 −2 M of N-ethylmaleimide (NEMI) as a strong blocking agent for the free thiol groups in keratin fibers [7] . Fig. 2 shows the PDSC curves of the hairs treated with NEMI for the samples in Fig. 1 . The curves (b'), (c') and (d') correspond to the samples pretreated with NEMI for the samples shown in Fig. 1 (b) , (c) and (d), respectively. The exothermic peaks centered at about 145 and 151 on the curves (b) and (c) disappear as seen on the curves (b') and (c'). On the other hand, no shape change is observed between the curves (d) and (d'), which posses no characteristic exothermic peak.
Results

PDSC response of permanent wave hairs
The results obtained from the PDSC measurements for the permanent wave samples are summarized in Table  1 . It is important to note that the values of the endothermic peak area under the base line, which is defined as the enthalpy of melting, ΔHm, for the samples obtained from the TGA-only system are increased up to about 10% by the NEMI treatment and the peak temperatures are also slightly increased. The modification with NEMI for the permanent wave hairs that have a characteristic exothermic peak on the PDSC response affects virtually on the melting behavior of the α-crystallites. On the contrary, no change is observed on the values of ΔHm before and after the NEMI treatment for the wave hair sample with a lack of exothermic peak.
The exothermic reactions may probably be related to CMAD groups produced by the reduction of disulfide bond with TGA as shown by eq. (2). (2) In reduction process, the CMAD side chain group further reacts with TGA to form DTDG. These reactions may be written simply as follows :
where K is the keratin chain., RSH is TGA, KSH is the thiol group of cysteine residue, KSSR is the CMAD side chain and RSSR is DTDG. As have been discussed by many workers, the reactions of eqs. (3) and (4) are more or less diffusioncontrol [13] [14] [15] [16] [17] [18] and, therefore, the reactions are far from equilibrium. The present authors treated these reactions as a true equilibrium reaction occurring between the active species of RSH and RSSR, which remain within the reduced fiber in a strongly adsorbed and occluded state even after washing with water [19] .
In oxidation process, the thiol groups of cysteine residues may be oxidized in an aqueous sodium bromate solution as shown by eq. (5) :
Here, it has been demonstrated that the cysteic acid residues are produced as eq. (6) from the oxidation of cystine residue by the S-S bond fission mechanism, but not from a direct oxidation of the thiol group of cysteine residue [20] .
KSSK " 2KSO3H
The amino acid analytical results obtained from our previous study for permanent wave and straight hairs were used for the interpretation of the present PDSC data. The previous results related to the contents of half cystine and other sulfur containing amino acids for wave hair samples are summarized in Table 2 [19] . As shown in Table 2 , the permanent wave hairs contain no cysteine residues. This means that the cysteine residues formed by the reduction was converted into disulfide bond in the final oxidation step. It is further noted that the contents of Fig. 4 shows the PDSC curves of the permanent straight hairs prepared by various reduction conditions. The exothermic peaks appear on many of the samples, and the endothermic peak temperatures and peak areas tend to decrease as compared with the permanent wave hairs shown in Fig. 1 . It is noted that the curve (j) for the permanent straight hair sample prepared by using 2/9 reduction system has no exothermic peak. This behavior is similar to the case of the corresponding permanent wave hair sample. The absence of CMAD groups is likely to be due to the reduction conditions applied to the hair treatment [19] . In fact, the permanent straight hair sample obtained by the system of 3.5/9.2, which is nearly the same composition of the present bicomponent system of 2/9 has no exothermic peak as shown by curve (l).
PDSC response of permanent straight hairs
As compared with the results of 0/5 and 0/7 in Tables 2 and 3 , it can be known that the CMAD (KSSR) groups are wholly converted by the heat treatment into disulfide groups of cystine residues and as the result, a clear exothermic peak disappears on the corresponding PDSC curves (b) and (c). In the case of TGA-only system, we have demonstrated that the CMAD groups produced by eq. (2) are lost through the right-hand side reactions of eq. (4) at the heat treatment step under the condition of higher concentration of RSH than that of RSSR in the fiber, and in the final oxidation step, cysteine (KSH) group produced by eq. (4) is oxidized to form disulfide group according to eq. (5) [19] . In the bicomponent system, however, the broad exothermic peak appear even at a higher concentration of TGA as seen on the curves (d) to (i).
The extent of the conversion of CMAD group into disulfide group of cystine residue seems to differ greatly. This may be due to the existence of DTDG, which acts as a reduction regulating agent. In the bicomponent system, however, when the concentration of TGA more than 9% are used, i.e., 2/9 and 3.5/9.2, no exothermic peak is observed. Irrespective of the presence of DTDG, the equilibrium reaction of eq. (4) 3 Cysteic acid denoted as the residues reproduced by treatment. 4 Half cystine defined as the molar fraction of cysteine. 5 Cysteine. 6 CMAD Fig. 3 Relationship between the broad exothermic peak areas, ΔHevol and the content of CMAD groups, the peak area and the concentration ratio of DTDG to TGA. Endothermic peak areas are greatly decreased through the heat treatment, which is caused by the disruption of the α-crystallites. Permanency related to strainghtening of hair is associated with the contraction of the fiber resulting from the randomization of the α-helical chains followed by rebuilding of a stable disulfide crosslinked network [7] . Fig. 5 shows the PDSC curves of straight hair samples pretreated with NEMI. The exothermic peaks almost disappear on the curves, which are virtually the same as the results obtained for permanent wave hairs. It should be noted that the nature of the endotherm is not affected by the heat treatment at 180 for 3 sec after reduction, but the enthalpy of endotherm is decreased as Oxidation : 7% NaBrO3, 35 , 15 min. [3] [4] [5] [6] The same expression denoted as the reference numbers of 3 to 6 in Table 2 . Table 3 Contents of half cystine and the related sulfur containing residues in moles per 1000 residues of hair for permanent straight hair samples prepared by various reduction systems with different concentration (wt.%) ratio of [DTDG]/[TGA]. compared with the permanent wave hair samples, and the NEMI-treatment is resulted in more decrease of the enthalpy values rather than those of the corresponding straight hair samples. Although a simple explanation can not be provided for these phenomena, it is appropriate to consider that these are resulted from a change in the stability of the α-helical chains brought about by the heat treatment.
3.3 PDSC response of the permanent straight hairs prepared by varying pH of the bicomponent system
Figs. 6 and 7 show the PDSC curves of the permanent straight hair samples obtained by varying the pH of the bicomponent systems of 1/5 and 2/9, respectively. The PDSC response of the native hair is designated as curve (a), whereby a sharp endothermic peak can be observed at about 184 , which is ascribed to the melting or denaturation of the α-crystallites. The curves (b), (c), (d) and (e) are the response for the samples obtained by varying the pH at 8.4, 8.7, 9.0 and 9.3, respectively.
These results are summarized in Table 4 . In both systems, we can find that as the pH increases, the value of the enthalpy of melting, ΔHm gradually decreases and the peak temperature of the endotherm for treated hair shifts to the lower temperature side of the peak of the native hair. A broad exothermic peak ranging from about 100 to 160
can be observed for all of the samples of 1/5
system, but not for the samples of 2/9. The increase of pH results in an increase in the extent of reduction of disulfide bonds and brings about an increase of thiol group of cysteine residue according to eqs. (3) and (4) . It can be also said, therefore, that the existence of the exotherm is independent of the concentration of the cysteine groups in hair, but depends on the concentrations of [TGA] and [DTDG] in the reduction system used. It is noted, further, that the peak temperatures of endotherm for the former are slightly lower than those for the latter. These phenomena are probably related to the existence of CMAD groups in the α-helical chains or in the proximity of the chains, which may lead to an imperfection of the α-crystallites.
4. Discussion 4.1 Mechanism of the exothermic reactions observed on PDSC curves for permanent wave and straight hair samples The reactions occurring during the heating of permanent wave and straight hairs in PDSC pans could be presumed from the similarity of the setting reactions by steaming of wool fiber. Asquith and Speakman [21] proposed disulfide bond breakdown to form cysteine sulfenic acid and cross-linkage rebuilding by the reaction of sulfenic acid with free amino group to form sulfenamide cross-linkage (KSNHK), but the latter remains uncertainty. The nucleophilic attack of hydroxide ions produced by eq. (7) to CMAD side chain groups (KSSR) goes to form unstable sulfenic acid (cysteine sulfenic acid) group and thiol group (thiol anion) according to eqs. (8) to (11) :
The nucleophilic attack of thiol anion to CMAD (KSSR) groups, the so-called the interchange reactions also occur to form cyteine residues as eq. (12) :
The sulfenic acid produced by eq. (8) reacts with thiol group of cysteine residue produced by eqs. (11) and (12) to form disulfide cross-links between protein chains through the reaction of eq.(13) [22] , which may be responsible for the evolution of heat observed on PDSC curve as a broad exothermic peak centered at about 150 ranging from around 100 to 160 .
KSOH + KSH KSSK + H2O
NEMI reacts with thiol groups as eq. (14) [23] and inhibits the occurrence of eq. (13) , which leads to disappearance of the exothermic peak on PDSC curve of the permanent hair samples pretreated with a dilute NEMI solution.
PDSC response of a model compound
The purified protein fraction rich in low-sulfur proteins with average molecular weight of about 45,000 was subjected to PDSC measurements in the presence of water at the pH of about 6.5 to 7.0 and the water content amounting to about 15% of the dry proteins by weight. The PDSC response for the CMADK proteins pretreated with a 10 −2 M NEMI solution was also measured under the same conditions as described above. The results are shown in Fig. 8 . The PDSC curve (a) for the CMADK proteins has a broad exothermic peak ranging from about 118 to 198 and no endothermic peak at the range of temperature described above, while the curve (b) for the NEMI-treated CMADK proteins has nothing any Table 4 Results of PDSC of straight hairs prepared by varying pH in bicomponent systems. exotherm and endotherm ranging from 80°to 200 . The exotherm observed for the CMADK protein samples is certainly related to the hydrothermal reactions of CMAD groups occurring in the absence of NEMI. It is also suggested that the solid state of CMADK proteins is likely to be an amorphous material with no α-crystallites. It should be further emphasized that the formation of lanthionine cross-links can be ruled out, since the present CMADK proteins contain no cystine residue. It was found that when a transparent cast film prepared from a 3.6% aqueous solution of CMADK proteins at pH 6.5 was heated in water vapor at 120 for 20 min and immersed in an aqueous solution of 8 M urea after drying at 50 for 1 h, the swollen film remained in the solution after immersing for 48 h, suggesting the formation of intermolecular cross-links. The swollen film was rubbery elastic. On the contrary, a cast film prepared at the presence of 10 -2 M NEMI was partly dissolved in an 8M urea solution after about 1 h. The undissolved materials were somewhat brittle and easily break down between the thumb and forefinger, and they were perfectly dissolved in the solution after 24 h. We will report about the detailed reaction mechanism, and the number and type of cross-links formed in CMADK proteins in a near future. Recently, Ikkai and Naito [24] demonstrated that when an aqueous solution of the CMADK proteins is heated around 100 a disulfide cross-linked network gel including α-helical structure is formed, and further that in the same solution with a small amount of NEMI a hydrophobic gel-like assembly is formed, and the latter gel is easily dissolved by soaking in an 8M urea solution. Their results derived from the dynamic light scattering and circular dichroism studies on the heat induced gelation of CMADK proteins accord well with our present results obtained from the PDSC measurements and with our consideration for the reaction mechanism represented by the equations (7) -(14).
Conclusion
1. The exothermal phenomenon observed on the PDSC curves for both permanent wave and straight hairs was presumed to be closely related to the hydrothermal reactions including an exothermic reaction of the side chain groups of sulfenic acid with the thiol groups of cysteine residues to form disulfide bonds in the hair. 2. The relationship between the exothermic area and the content of CMAD groups in reduced hair samples yields a good proportionality suggesting the above result. 3. The PDSC curve for the CMADK proteins synthesized as a model compound of the permanent treatment hair showed a similar patter to those of the treated hairs with a broad exothermic peak, but has no endothermic peak ascribed to the melting behavior of the native and permanent hairs characteristic of the α-helical assembly. 4. The existence of NEMI as a strong blocking agent of thiol groups inhibits the exothermal reactions of CMADK proteins, suggesting the reactions initiated by CMAD groups occurring in permanent wave and straight hairs. 5. High Pressure Differential Scanning Calorimetry is a useful tool for nondestructive analysis of CMAD groups being responsible for the damage of permanent treated hairs.
